Analysis of global temporal gene expression by human intestinal cells when exposed to Lactobacillus acidophilus revealed induction of immune-related pathways and NF-B target genes after a 1-h exposure, compared to a 4-or 8-h exposure. Additionally, an L. acidophilus derivative expressing covalently bound flagellin resulted in increased induction of il8, cxc1, and cxcl2 compared to the parent L. acidophilus.
T he gastrointestinal tract (GIT) harbors a vast array of microbes, including commensal, pathogenic, and transient bacteria. These microbes can initiate numerous interactions with different cells of the GIT, such as dendritic cells (DCs), M cells, and intestinal epithelial cells (IECs). Receptors on the surface of IECs allow discrimination between pathogenic and gut bacteria, thereby maintaining a vital immunological balance (11) . Additionally, this layer of IECs maintains gut barrier functions that are vital to prevent dysfunctions of the intestine that can lead to intestinal diseases, such as irritable bowel syndrome and Crohn's disease. Intestinal epithelial cell lines are important research tools that have long been used to investigate expression of human intestinal markers for studies focused on adhesion, immunomodulation, and infection by both enteric pathogens and beneficial bacteria. More recently, with the availability of global transcriptome arrays these cell line models have been utilized for whole-transcriptome analysis of IECs in response to gut-related bacteria. These studies have identified genes involved in numerous cellular functions, including gut barrier function (2) and immunomodulation (18) .
Probiotic bacteria are important components of the food industry, particularly with the increased consumer interest in diet, healthy lifestyles, and functional foods. These bacteria have demonstrated a number of beneficial roles, especially in the GIT (17) , including lowering the duration and incidence of diarrhea during antibiotic treatment, protection against pathogens, interaction with dendritic and T cells, and reduced risk of Clostridium difficileassociated disease (3, 5, 10, 13) . There are intimate communications between the resident gut microbes and transient microbes with the epithelial layer and immune cells embedded within the GIT. Therefore, there have been increased efforts to investigate and understand the mechanisms of action that occur at this vital interface. Given that Lactobacillus acidophilus NCFM is an important probiotic strain that has been safely consumed for nearly 40 years (19) and recombinant strains of L. acidophilus are also excellent candidates for delivery of therapeutics and treatment of inflammation (9, 14) , we investigated the effect of L. acidophilus exposure time on the global gene expression by human intestinal cells. We also determined the effect of exposure with recombinant lactobacilli expressing Salmonella flagellin to IECs on a select group of genes by using quantitative real-time PCR (RT-qPCR).
L. acidophilus NCFM (4) was propagated statically in MRS broth at 37°C to stationary phase (16 h). Cells were harvested by centrifugation (1,717 ϫ g for 10 min at room temperature), washed once in phosphate-buffered saline (PBS, pH 7.4), and then resuspended in PBS to a final concentration of approximately 1 ϫ 10 8 CFU/ml. The Caco-2 intestinal epithelial cell line was maintained as described previously (16) . Prior to exposure assays, Caco-2 monolayers were washed twice with PBS, and 2 ml of minimal essential medium without antibiotics was added per well (16) . Two milliliters of triplicate bacterial suspensions or of PBS was added to 21-day Caco-2 monolayers (6-well plates, passage numbers between 23 and 45, seeded at 1.6 ϫ 10 5 cells per cm 2 ). Plates were centrifuged for 2 min at 429 ϫ g and incubated at 37°C for 1, 4, or 8 h (bacterial cultures) or for 1 h (PBS) for time course gene expression studies.
Total RNA was extracted using Tri reagent (Invitrogen, Grand Island, NY) and purified with the RNAeasy minikit (Qiagen Inc., Valencia, CA). RNA was processed at Expression Analysis (Durham, NC) and hybridized to the humanWG-6 BeadChip (Illumina Inc., San Diego, CA) according to the manufacturer's instructions. Intensity values were captured and normalized via the cubic spline method, and background subtraction was performed. The data were then quantile normalized to uniformly distribute any value of Ͻ2 to values between 1 and 2. Transcripts were removed where the detection P value was Ͼ0.05 in 95% of the samples. These data were then filtered for genes which displayed a P value of Ͻ0.05 and demonstrated at least a ϩ2-fold or Ϫ2-fold change. Gene expression results were confirmed by RT-qPCR (see the discussion of materials and methods and Fig. 1) , and the corresponding details of the shared genes between each group are outlined in Table S1 in the supplemental material.
Significant differentially expressed gene sets from each comparison were then further analyzed using the GOrilla (Gene Ontology enrichment analysis and visualization) tool to classify their involvement in cellular processes (see the description of GOrilla in the supplemental materials and methods) (8) . Pathway analysis revealed that after exposure of IECs to L. acidophilus for 1 h, compared to PBS for 1 h, genes from GO groups related to immune function were enriched (Table 1) . These included GO terms associated with response to molecules of bacterial origin, immune system processes, chemokine activity, and chemokine receptor binding. When differentially expressed gene sets after exposure to L. acidophilus for 4 h were compared to those exposed for 1 h, GO terms relating to mitogen-activated protein (MAP) kinase activity, defense responses to viruses, and the Toll-like receptor (TLR) signaling pathway were enriched (Table 1) . GO analysis for terms after comparison of 8-h versus the 1-or 4-h exposure, respectively, revealed enrichment terms related to MAP kinase activity and enrichment of genes involved in cellular processes such as amino acid metabolism (see Table S1 in the supplemental material). Depending on the exposure time, epithelial cells generally responded to L. acidophilus by the induction of pathways involved in immune function, cell signaling, and cell processes such as amino acid metabolism.
Pathway analysis also identified the involvement of the jun oncogenes (c-jun) in numerous pathways after exposure of epithelial cells to L. acidophilus for 1 h. JUN is a component of the AP-1 transcription factor complex, which is a regulator of numerous cell processes, including tumor necrosis factor (TNF) gene expression (1) , and has previously been identified as upregulated by Lactobacillus casei and Lactobacillus rhamnosus (20) . Another study identified c-jun as a potential therapeutic target in Crohn's disease treatment, because inhibiting c-jun resulted in the repression of AP-1, thereby suppressing the proinflammatory TNF (12) . The expression level of jun was downregulated after a 4-or 8-h exposure compared to the 1-h exposure, indicating a return to baseline expression levels. The induction of c-jun and proinflammatory cytokines by L. acidophilus in this study supports the previously reported non anti-inflammatory properties of this strain (22) . However, our results demonstrate that these genes were not upregulated past a 1-h incubation period but returned to expression levels similar to that observed after exposure of epithelial cells to PBS for 1 h.
Further investigation of genes identified from GO pathway analysis indicated that immune-related genes (for example, cxcl1, cxcl2, ccl20, il6, and il8) were upregulated mostly after a 1-h exposure of L. acidophilus. Many of these genes were identified as NF-B target genes (Fig. 2) . These genes were upregulated after a 1-h exposure to L. acidophilus compared to a 1-h exposure to PBS, as well as a 4-or 8-h exposure to L. acidophilus (Fig. 2) . The chemokine gene cxcl10 was upregulated both at 1 and 4 h, whereas there was no change in the expression profiles of the other genes after the 4-and 8-h exposures. In fact, expression levels with these longer incubation times were similar to those of epithelial cells exposed to PBS for 1 h. These results confirmed the observation that genes related to immunomodulation and also NF-B target genes are differentially expressed after a 1-h, rather than 4-or 8-h, exposure time. Additionally, the upregulation of the negative regulators of the NF-B pathway, TNFAIP3 (or A20) and NFKBIA (or IKBA), reinforced this observation and indicated that the downregulation of NF-B target genes followed an initial upregulation after the 1-h exposure to L. acidophilus (Fig. 2) . NF-B is an important human transcription factor that regulates a large number of genes from different biological processes, including immunomodulation and cell signaling. Activation of receptors on the Table S1 in the supplemental material.
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July 2012 Volume 78 Number 14 aem.asm.org 5029 cell surface, such as TLRs, can induce NF-B, which is normally sequestered in the cytoplasm, where it is bound by inhibitor proteins (15) . Although the subunits of the NF-B complex were not differentially expressed in this study, the NF-B antagonists A20 and IKBA and numerous NF-B-specific target genes were upregulated after the 1-h exposure of L. acidophilus compared to levels in epithelial cells exposed to PBS. These genes were among the most highly expressed genes. In fact, 7 of the 10 most highly upregulated genes after exposure to L. acidophilus compared to PBS for 1 h were NF-B target genes (Fig. 2) . Previous work by van Baarlen and coworkers (20, 21) studied the effect of probiotic bacteria on mucosal gene transcription in vivo. Our results after a 1-h exposure of L. acidophilus to epithelial cells reflect results observed with the other study group's strain of L. acidophilus, Lafti-L10 (20) . Interestingly, their study also demonstrated modulation of multiple chemokines, cytokines, and NF-B target genes, as we observed in our present study. In particular, expression levels of chemokines, such as CXCL2, CXCL10, CCL2, and CCL20 and the interleukin-8 (IL-8) and the NF-B inhibitors A20 and IKBA, were upregulated in both studies. Considering that in vivo trials are less feasible for many research groups, it was encouraging that results from our in vitro model after a 1-h exposure reflected a similar gene expression trend as the in vivo model in relation to NF-B target genes, such as chemokines. These data indicate a transition in gene expression from an initial induction after a 1-h exposure to a reduction in gene expression after a 4-or 8-h exposure for immune-related genes. Instead, expression levels of genes involved in cell processes were upregulated after the 4-and 8-h exposures. a BP, biological processes; F, function; A, epithelial cells exposed to L. acidophilus for 1 h compared to epithelial cells exposed to PBS for 1 h; B, epithelial cells exposed to L. acidophilus for 4 h compared to those exposed for 1 h.
In addition to their probiotic properties, some lactic acid bacteria have potential for delivery of vaccines and biotherapeutics to the intestinal mucosa. L. acidophilus NCFM is an ideal candidate for these applications, as it can survive stomach acids and intestinal bile for transit to the mucosa of the GIT, an important site of mucosal immunity. Additionally, genetic tools are available and have been utilized to genetically alter this strain for the purpose of vaccine delivery (6, 7) . In the present study, recombinant lactobacilli expressing flagellin from Salmonella were exposed to Caco-2 epithelial cells for 1 h. A 1-h exposure time was chosen based on the results of the whole-genome array described above, as this exposure time resulted in the induction of immune-related genes. Exposure of bacteria to epithelial cells and RNA isolation were performed as described above. These recombinant strains were previously constructed using two different anchor motifs to display flagellin on the cell surface either by covalent (LPXTG motif, NCK2158) or noncovalent (NCK2160) bonds (9) . Previous results with these strains demonstrated different immunological responses in relation to cytokine production from DCs and DC maturation (9) . In particular, NCK2158 (covalently bound flagellin) induced more IL-12-producing and CD83 ϩ cells than the controls. RNA was isolated after exposure of epithelial cells to 2 ϫ 10 8 CFU/ml of the parent strain L. acidophilus (NCK56), a control strain containing the empty vector (NCK1985) (7), and both recombinant strains, NCK2158 and NCK2160. RT-qPCR was used to monitor expression levels of the chemokine genes cxcl1, cxcl2, il6, and il8 between epithelial cells exposed to the parent strain L. acidophilus, the control strain NCK1985, or the recombinant strains (Fig. 3) . A marked difference in expression levels of cxcl1, cxcl2, and il8 was observed between the recombinant strains NCK2158 and NCK2160 expressing flagellin. The interleukin gene il6 was downregulated after exposure to the recombinant strains, whereas cxcl1, cxcl2, and il8 were significantly induced after exposure to NCK2158 compared to NCK2160, NCK1985, and L. acidophilus (Fig. 3) . In fact, there was no significant difference in the expression levels of cxcl1, cxcl2, and il8 when epithelial cells were exposed to NCK2160 compared to NCK56 and NCK1985. These results reinforced the previous observation (9) that prior determination of cell surface display methods is vital for further vaccine delivery research, and they demonstrate that the epithelial cell line is a useful tool to monitor the effects of recombinant lactobacilli on gene expression by human intestinal cells.
In conclusion, this study demonstrated that exposure time with L. acidophilus impacted the gene expression profiles of IECs. In our study, a 1-h, rather than 4-or 8-h exposure time, resulted in maximal differential expression of immune-related genes and genes targeted by the NF-B complex. These results showed that after an initial exposure to L. acidophilus, expression of the immune-related genes returned toward a baseline level. Additionally, the epithelial cell line proved to be a useful model to determine the expression of various immune markers after exposure to recombinant lactobacilli expressing different cell surface properties.
Microarray data accession number. Microarray data were deposited in the NCBI Gene Expression Omnibus (GEO) database under accession number GSE34175.
